Plants acquire thermotolerance to lethal high temperatures if first exposed to moderately high temperature or if temperature is increased gradually to an otherwise lethal temperature. We have taken a genetic approach to dissecting acquired thermotolerance by characterizing loss-of-function thermotolerance mutants in Arabidopsis. In previous work, we identified single recessive alleles of four loci required for thermotolerance of hypocotyl elongation, hot1-1, hot2-1, hot3-1, and hot4-1. Completed screening of M 2 progeny from approximately 2500 M 1 plants has now identified new alleles of three of these original loci, along with three new loci. The low mutant frequency suggests that a relatively small number of genes make a major contribution to this phenotype or that other thermotolerance genes encode essential or redundant functions. Further analysis of the original four loci was performed to define the nature of their thermotolerance defects. Although the HOT1 locus was shown previously to encode a major heat shock protein (Hsp), Hsp101, chromosomal map positions indicate that HOT2, 3, and 4 do not correspond to major Hsp or heat shock transcription factor genes. Measurement of thermotolerance at different growth stages reveals that the mutants have growth stage-specific heat sensitivity. Analysis of Hsp accumulation shows that hot2 and hot4 produce normal levels of Hsps, whereas hot3 shows reduced accumulation. Thermotolerance of luciferase activity and of ion leakage also varies in the mutants. These data provide the first direct genetic evidence, to our knowledge, that distinct functions, independent of Hsp synthesis, are required for thermotolerance, including protection of membrane integrity and recovery of protein activity/synthesis.
Plants have many different mechanisms for surviving high temperatures in their environment, including long-term evolutionary adaptations of life history and morphology and shorter term avoidance or acclimation mechanisms involving, for example, leaf orientation, transpirational cooling, or alterations of membrane lipid composition (Berry, 1975; Turner and Kramer, 1980; Radin et al., 1994) . It has also long been known that plants, like other organisms, have the ability to acquire thermotolerance rapidly, within hours, to otherwise normally lethal high temperatures (Alexandrov, 1961; Lin et al., 1984; Neumann et al., 1989; Vierling, 1991) . The acquisition of thermotolerance is a cell autonomous phenomenon and results from prior exposure to a conditioning pretreatment, which can be a short, sublethal high temperature or other moderate stress treatments (Lindquist, 1986) . Thermotolerance can also be induced by a gradual increase to the normally lethal temperature (Vierling, 1991) , as would be experienced in the natural environment (Ansari and Loomis, 1959; Ehler, 1973) . Even plants growing in their natural distribution range may experience high temperatures that would be lethal in the absence of this rapid acclimation; thus, ability to acquire thermotolerance is likely of significant importance to plants. Furthermore, because plants can experience major diurnal temperature fluctuations, the acquisition of thermotolerance may reflect a more general mechanism that contributes to homeostasis of metabolism on a daily basis.
Although acquired thermotolerance has been described and studied in plants for decades (Alexandrov, 1994) , only a limited number of factors have been defined that contribute to the development of thermotolerance. Many studies have documented that heat shock protein (Hsp) synthesis is correlated with the acquisition of thermotolerance (for review, see Vierling, 1991) . All major classes of Hsps are proposed to act as molecular chaperones, functioning through binding to substrate proteins that are in unstable, nonnative structural states (Hendrick and Hartl, 1993; Boston et al., 1996; Gething, 1997) . By virtue of this property, the different Hsps/chaperones are able to aid in a variety of cellular processes that involve assisted protein folding, including rescue of misfolded or aggregated proteins. This latter activity is presumed to explain their important role in heat stress, a condition that leads to protein denaturation. The involvement of Hsps in heat stress tolerance is a logical model, but direct support for Hsp function in thermotolerance in plants has been difficult to obtain (Burke, 2001) . Only one Hsp, Hsp101, has been shown to be essential for thermotolerance by genetic analysis. We have described both missense and protein null alleles of the Hsp101 gene (HOT1) that do not acquire thermotolerance in response to pretreatments at several stages of development Vierling, 2000, 2001) . Current models propose that Hsp101, an AAA ϩ chaperone ATPase (Neuwald et al., 1999) , promotes ATP-dependent dissolution of cytosolic or nuclear protein aggregates formed during heat stress, consistent with a role in recovery of active proteins after heat stress (Parsell et al., 1994; Schirmer et al., 1996; Mogk et al., 1999; Motohashi et al., 1999; Zolkiewski, 1999) .
Even if all Hsps contribute to thermotolerance, it is highly likely that other factors are also necessary. In addition to causing protein denaturation, high temperature also alters membrane fluidity, can disrupt the overall balance of metabolic processes, and leads to oxidative stress (Dewey, 1989; Larkindale and Knight, 2002) . Heat stress also affects the cytoskeleton as assessed by cytoplasmic streaming (Alexandrov, 1994) . Acquired thermotolerance can be hypothesized to moderate these types of damage through the induction of protective factors that limit the extent of damage or by enhancing processes required for recovery from damage, although these mechanisms need not be mutually exclusive.
We have taken a genetic approach to dissecting the mechanism of acquired thermotolerance and have reported the isolation of four recessive, nonallelic mutations (hot1 to 4) in Arabidopsis that are defective in acquired thermotolerance of hypocotyl elongation (Hong and Vierling, 2000) . Here, we report that additional screening for loss-of-thermotolerance mutants has defined three new HOT loci and one new allele for hot1, hot2, and hot4. As described above, hot1 was previously shown to define the gene encoding Hsp101. Analysis of the chromosomal map positions of the HOT2, HOT3, and HOT4 genes, combined with further detailed phenotypic analysis of these mutants compared with hot1, provide direct genetic evidence that at least four distinct pathways/functions are necessary for acquisition of thermotolerance.
RESULTS

Isolation of New hot Mutants
We previously described recessive, ethyl methanesulfonate (EMS) mutations at four independent loci, HOT1 to 4, that fail to develop thermotolerance in response to moderate heat treatment (Hong and Vierling, 2000) . In addition to these initial mutations, now designated as hot1-1, hot2-1, hot3-1, and hot4-1, six more EMS mutations were isolated after completing a screen of a total of Ͼ20,000 M 2 seedlings derived from an original approximately 2,500 M 1 plants. All new mutations were verified as defective in thermotolerance after propagation to the M 3 generation. Genetic complementation analysis of all pairwise combinations of mutants was performed. Based on the thermotolerance phenotype (hypocotyl assay; see below) of 11 F 1 plants from each pair-wise cross, three mutants were confirmed to represent new alleles of the previously isolated mutants. These new alleles have been designated hot1-4, hot2-2, and hot4-2. The three new mutants at unique loci were designated hot5-1, hot6-1, and hot7-1, and all were found to be recessive.
Isolating second alleles of three of the original hot mutants in this mutant population is consistent with the conclusion that a relatively small number of genes make strong contributions to the hypocotyl thermotolerance phenotype or that mutation of other functions must be lethal or redundant. The low mutant frequency and isolation of multiple alleles also indicates that the hot mutants are unlikely to represent random temperature-sensitive mutations in any gene but rather are specific to the mechanism of acquired thermotolerance. Further work reported here was performed with the original set of alleles (hot1-1, hot2-1, hot3-1, and hot4-1) after a single backcross to the wild-type Columbia parent, and the new alleles were tested (before backcrossing) in many of the assays, as discussed in the text. Further genetic and phenotypic characterization of the newly isolated mutants is continuing.
Chromosomal Map Position of Mutants Defective in Acquired Thermotolerance
To begin to establish the identity of the hot2, hot3, and hot4 mutations, their chromosomal map positions were determined as shown in Figure 1 (see "Materials and Methods"). The HOT1 gene was mapped to bacterial artificial chromosome F9E11 and identified as Hsp101 as described previously (Hong and Vierling, 2000) . The HOT2 locus was mapped to the top of chromosome 1 by scoring recombination with nF20D22 at 6.1 cM (0.09% of 318 chromosomes) and nga63 at 11.4 cM (6.4% of 236 chromosomes). HOT3 mapped to the bottom of chromosome 1 showing recombination with AtATPase at 115.7 cM (2.4% of 338 chromosomes), 0% recombination with nF22K20 (68 chromosomes), and 1.8% recombination with nF28K19 (336 chromosomes). Similarly, HOT4 mapped to the top of chromosome 5 with 3.5% recombination with Glu1 at 9.5 cM (380 chromosomes), only 0.09% recombination with nga225 at 14.31 cM (380 chromosomes), and 5.3% recombination at nga158 at 18.12 cM (280 chromosomes). Considering the known genes within the intervals defined by the markers used for gene mapping, none corresponded to Hsps of the Hsp70, Hsp101, or sHsp classes, nor to the many heat shock transcription factor (Hsf) genes (Nover et al., 2001; Scharf et al., 2001; Sung et al., 2001) . Thus, the hot2, 3, and 4 mutants provide direct genetic support for the involvement of factors other than the major Hsps or Hsfs in the acquisition of thermotolerance.
Phenotypes of the hot Mutants under Optimal Growth Conditions
To determine if the hot mutations have strong effects on growth and development under optimal conditions, the mutants were observed through a complete life cycle. As documented in Figure 2 , only the hot2-1 mutant showed consistent phenotypes significantly different from wild type. The hot2-1 plants are semidwarf and highly branched. The semidwarf phenotype of hot2-1 is also seen in hypocotyl length (see Fig. 3 ). These phenotypes were also observed in hot2-2 and segregated with the hypocotyl thermotolerance defect as judged from observations of approximately 600 seedlings and over 300 mature plants.
Thermotolerance Phenotypes of the hot Mutants
The hot mutants were all isolated based on their failure to show acquired thermotolerance in a hypocotyl elongation assay (Hong and Vierling, 2000) . The hot1-1 mutant is also defective in basal heat tolerance of imbibed seeds and in acquired thermotolerance of 7-to 10-d-old seedlings Vierling, 2000, 2001) . To determine if all of the hot mutants have the same thermotolerance phenotypes, thermotolerance was tested in all three assays, using the defined hot1-1 mutant as a reference. When tested for hypocotyl elongation, the mutants showed different degrees of severity (Fig. 3A) . hot1-1 and hot2-1 were completely blocked in hypocotyl elongation after 120 min of 45°C heat treatment. In contrast, hot3-1 and hot4-1 were less severe. hot3-1 and 4-1 showed tolerance to 120 min at 45°C equivalent to approximately 30% or 60% of wild type, respectively. The hot4-1 mutant even retained some ability to elongate after 150 min at 45°C and required a full 180 min at 45°C to completely block elongation. Note that all hot mutants and wild type failed to elongate after treatment at 45°C without a pretreatment (data not shown; see Hong and Vierling, 2000) . Because we do not know if these mutations, with the exception of hot1-1 (Hong and Vierling, 2001) , are completely null for activity, the quantitative differences observed may be allele rather than gene specific. However, tests of the other alleles (hot1-4, hot2-2, and hot4-2) revealed similar differences in tolerance between the mutants (data not shown). In contrast to the small quantitative differences between the mutants in the hypocotyl assay, the ability of 10-d-old seedlings to acquire thermotolerance differed dramatically between the mutants (Fig. 3B ). The hot1-1 and hot2-1 mutants failed to acquire thermotolerance at this stage; they ceased production of additional leaves and existing leaves and cotyledons turned white. In the same assay, hot3-1 and hot4-1 behaved like wild type. In fact, hot4-1 consistently appeared more robust than wild type after either a 38°C pretreatment alone (not shown) or after the pretreatment followed by a 45°C stress (Fig. 3B) . Again, results with the other alleles were the same (not shown), arguing that this stage specificity of thermotolerance is gene specific.
Before germination, imbibed Arabidopsis seeds have greater temperature tolerance than seedlings. That is, without any acclimating pretreatment, imbibed seeds can be heated at 45°C for at least 150 min and still survive and grow Vierling, 2000, 2001) . Seeds of the hot1-1 mutant lost this temperature tolerance and were growth arrested after germination when treated at 45°C for 120 min or more. When tested for the same phenotype, all alleles of the other hot mutants behaved essentially like wild type and were not growth arrested (not shown).
Another phenotype that can be scored for the development of thermotolerance is the ability of darkgrown seedlings to accumulate chlorophyll (develop chloroplasts). In this assay, which has been used by Burke et al. (2000) to isolate other mutants defective in the acquisition of thermotolerance, dark-grown seedlings were pretreated to induce thermotolerance and then given the severe heat treatment before exposure to light. Chlorophyll accumulation during light incubation was then quantified. When hot1-1, hot2-1, hot3-1, and hot4-1 were tested in this chlorophyll accumulation assay, only hot1-1 exhibited a mutant phenotype (data not shown).
Expression of Hsps in the hot Mutants
Because the expression of Hsp101 is essential for thermotolerance, and expression of other Hsps is likely to also be essential, the level of Hsp101 and selected sHsps was estimated by western analysis in the hot mutants as shown in Figure 4 . In all of the mutants, the Hsps were not present at significant levels before heat stress. Accumulation of Hsps after the 38°C conditioning pretreatment in 2.5-and 10-dold seedlings revealed a wild-type pattern of expres- Figure 3 . Thermotolerance phenotypes of the hot mutants. A, Quantitative assessment of acquired thermotolerance in the hot mutants using the hypocotyl elongation assay. Dark-grown, 2.5-d-old seedlings were pre-adapted at 38°C for 90 min, followed by 120 min of recovery at 22°C. Seedlings were then either returned to 22°C or further stressed at 45°C for 120, 150, or 180 min as indicated. Total hypocotyl elongation after the heat stress was measured after an additional 2.5 d growth in the dark. Mean and SD were derived by measurement of at least 11 seedlings, and values plotted as growth (millimeters; top) or as a percentage of the value of seedlings grown at 22°C (bottom). B, Thermotolerance of 10-d-old seedlings after pretreatment and subsequent heat treatment at 45°C for 150 min. Three seedlings of each of the indicated genotypes are shown, photographed 5 d after heat treatment.
sion in hot1-1, as seen previously (Hong and Vierling, 2000) . The hot1-1 allele has a missense mutation in Hsp101 and accumulates normal levels of Hsp101, but shows a phenotype essentially equivalent to that of an Hsp101 protein null allele (Hong and Vierling, 2001) . Wild-type levels of Hsp expression were also observed in hot2-1 and hot4-1. There was, however, a notable decrease in the accumulation of Hsp101 in the hot3-1 mutant. Despite this decrease, 10-d-old hot3-1 plants showed normal acquired thermotolerance (Fig. 3) , indicating that the level of Hsp101 must still be sufficient for thermotolerance at this growth stage. Differences in the level of sHsps in hot3-1 did not appear to be significant in these samples.
To investigate further the decreased expression of Hsp101 in hot3-1, a 40°C 90-min treatment, rather than a 38°C treatment, was used to induce Hsp accumulation in 2-or 10-d-old seedlings. At this increased temperature, the induction of all Hsps tested was significantly reduced in hot3-1 (Fig. 4) , whereas induction remained unchanged in all the other genotypes. Analysis of a dilution series (not shown) indicates that Hsp101 and class II sHsps (Hsp17.6II) are reduced by 50%, and class I sHsps (Hsp17.4) are reduced by about 70%. Thus, the defect in hot3-1 is not restricted to the expression of Hsp101, but has a more general effect on accumulation of Hsps that is more severe at higher temperatures. When 10-d-old seedlings given the 40°C pretreatment were examined for acquired thermotolerance to a 45°C treatment, hot3-1 was now found to be unable to acquire tolerance, similar to hot1-1 and hot2-1, whereas wildtype and hot4-1 seedlings still exhibited thermotolerance as before (not shown). The reduced thermotolerance of hot3-1 under these treatment conditions may be related to the greater reduction in Hsp induction.
Hsp levels were also tested in seeds, which are known to store significant levels of Hsp101 and specific class I and class II cytosolic sHsps (Wehmeyer et al., 1996; Hong and Vierling, 2001) . These Hsps were present in seeds of all of the mutants at wild-type levels (not shown). The high level of Hsp101 in all the other hot mutants was expected based on the observation that none of these mutants is defective in basal thermotolerance of germinating seeds.
Activity of a Reporter Enzyme Provides Another Test for Acquired Thermotolerance
In total, results of the above thermotolerance tests indicate that each of the hot mutants must be defective in different processes required for the development of thermotolerance. To begin to dissect the thermotolerance mechanism, assays that measure biochemical functions, rather than only survival and growth, were necessary. For this purpose, an assay for the heat tolerance of a reporter enzyme, firefly luciferase (Luc), was developed. Luc is a very ther- Figure 4 . Accumulation of Hsp101 and sHsp proteins in heat-stressed seedlings of the hot mutants. A, Hsp protein levels in 2.5-d-old darkgrown hypocotyls. Total proteins were isolated from control or heatstressed (38°C, 90 min, followed by 2 h at 22°C) hypocotyls. Equal quantities of total protein (0.5 g for Hsp101 antibodies, 15 g for sHsp antibodies) from each of the mutants and the wild type were separated on 7.5% (Hsp101) or 15% (sHsps) (w/v) polyacrylamide-SDS gels, and protein blots were probed as indicated with antiArabidopsis Hsp101, anti-Arabidopsis class I sHsp (Hsp17.6), or anti-Arabidopsis class II sHsp (Hsp17.6II) antibodies. B, Control and heat-stressed leaves of 10-d-old plants. Samples were analyzed as described for A. C, Accumulation of Hsps in 2.5-d-old dark-grown seedlings of the hot mutants or wild type treated at 40°C for 90 min, followed by 2 h of recovery at 22°C. Samples were analyzed as described for A.
molabile protein that has been used extensively both in vitro and in vivo to examine the effects of heat treatment and the mechanism of chaperone action (Pinto et al., 1991; Buchberger et al., 1996; Forreiter et al., 1997; Michels et al., 1997; Lee and Vierling, 2000) . A transgenic Arabidopsis line (Nö ssen [No] background) expressing Luc under control of the constitutive UBQ10 promoter (Worley et al., 2000) was crossed to the original allele of each of the hot mutants to introduce the Luc transgene. Importantly, the Luc gene was engineered to remove the three C-terminal amino acids that are necessary and sufficient for peroxisomal targeting, so that Luc would serve as a reporter enzyme in the cytosolic compartment of the cell. The recovery of Luc activity after heat acclimation was then followed in vivo by luminescence imaging in intact seedlings.
The results in Figure 5 demonstrate that pretreatment of 7-d-old seedlings at 38°C has little effect on Luc activity in any of the mutants, whereas subsequent treatment at 45°C reduced activity basically to zero in wild type and all of the mutants. However, Luc activity begins to recover within 3 h after 45°C treatment in wild type and is essentially fully recovered after 24 h. In comparison, the hot1-1 and hot3-1 mutants show dramatically reduced ability to recover Luc activity, with hot1-1 exhibiting the most severe phenotype. The phenotype of hot3-1, which is delayed in recovery but still shows significant recovery after 24 h, is consistent with the observation that thermotolerance of 10-d-old hot3-1 seedlings pretreated at 38°C appears similar to wild type as assessed by growth 5 d after heat stress (Fig. 3B) . The hot2-1 mutant recovers Luc activity as rapidly as wild type, despite the fact that hot2-1 seedlings are severely damaged or die from the treatment (Fig. 3) . Luc activity in hot4-1 actually achieves higher levels after 24 h of recovery than what is seen for wild type.
Wild-type Luc activity in hot4-1 could reflect the absence of a thermotolerance defect in hot4-1 mutants at this growth stage (see Fig. 3B ). To test if Luc activity in hot4-1 was compromised in 2-d-old heattreated seedlings, Luc activity was also monitored in the mutants under the conditions used for the hypocotyl elongation assay. Even at this growth stage, where hypocotyl elongation is blocked by heat stress, Luc activity recovered as well or better than in wild type in hot4-1, and results with the other mutants were also similar to the those seen with 10-d-old seedlings (not shown).
The Luc reaction requires ATP and, therefore, is expected to be sensitive to intracellular ATP concentrations. To confirm that the in vivo luminescence measurements reflect the level of active Luc rather than the level of intracellular ATP, selected samples were also extracted for analysis of Luc activity in vitro with added ATP (see "Materials and Methods"). Extractable Luc activity paralleled the activity assessed by in vivo imaging (not shown), indicating the in vivo measurements are a valid measure of Luc activity, rather than a measure of ATP levels.
In total, these data indicate that ability to recover Luc activity, which could reflect ability to reactivate denatured enzyme or to recover normal transcriptional and translational activities, is necessary (hot1-1 and hot3-1) but not sufficient (hot2-1 and hot4-1) for the development of thermotolerance.
Acquired Thermotolerance of Heat-Induced Ion Leakage
Heat is also predicted to alter membrane transport properties, possibly through effects on membrane fluidity or the activity of membrane channels and transporters (Levitt, 1980) . To determine if the hot mutations affected membrane stability, an ion leakage test of acquired thermotolerance was developed. As in the other thermotolerance tests, ion leakage (as measured by solution conductivity) from 38°C pretreated seedlings was not significantly different from untreated (22°C) controls (Fig. 6) . A lethal treatment at 45°C had the expected result of causing virtually complete ion loss from seedling tissues. A moderate but significant protection from severe ion loss could be effected by the usual 38°C pretreatment before the 45°C stress; ion leakage was on the order of 50% lower in wild-type seedlings after this acclimation. Only hot2-1 showed a dramatic reduction in ability to develop tolerance against ion leakage. hot3-1 and 4-1 behaved as wild type, and hot1-1 showed a small increase in conductivity. It may also be significant that hot2-1 reproducibly showed a higher level of ion leakage under control conditions than the other mutants or wild type (Fig. 6 ).
DISCUSSION
Our analysis of loss-of-function mutants in Arabidopsis has defined seven loci, the HOT genes, required for the acquisition of thermotolerance. Four of these hot mutations have been mapped to the Arabidopsis genome and exhibit differences in thermotolerance at different life stages. Analysis of biochemical phenotypes of hot1, hot2, hot3, and hot4, including production of Hsps, and thermotolerance of Luc activity and of ion leakage provide the first direct genetic evidence that at least four distinct functions are required for thermotolerance. These include production of Hsps, specifically Hsp101, protection of membrane integrity, recovery of protein activity/synthesis, and at least one other undefined function. Disruption of any one of these functions is sufficient to eliminate the ability of plants to acclimate to high temperature, underscoring the fact that engineering increased plant heat tolerance will require manipulation of multiple cellular characteristics.
We have considered the possibility that temperature-sensitive mutations in any gene could lead to a loss-of-thermotolerance phenotype that is unrelated to the mechanism of acquired thermotolerance. However, several lines of evidence indicate that the hot mutations represent specific lesions affecting functions required for thermotolerance, rather than unrelated temperature-sensitive mutations. First, the conditions under which the hot mutations reveal their phenotype are short-term high-temperature treatments, as opposed to continuous growth at elevated temperatures, as is typically used for identification of temperature-sensitive mutations. It seems unlikely that a brief period at 45°C, but not 38°C, would irreversibly inactivate all of these proteins and that their function could not be replaced by new protein synthesis during the recovery period. Second, our screen identified the Hsp101 gene (HOT1), which had been established previously in bacteria and yeast (Saccharomyces cerevisiae) as essential for acquired thermotolerance (Schirmer et al., 1996) . In addition to the EMS-generated hot1-1 point mutation studied in this report, a protein null mutation of the Hsp101 gene (hot1-3) has an identical phenotype, indicating loss of gene function rather than temperature sensitivity of gene function leads to the hot1 thermotolerance phenotype (Hong and Vierling, 2001) . Finally, if the screen uncovered random temperature-sensitive mutations in any gene, the frequency of mutant recovery would be predicted to be high, and the screen would be difficult to saturate. However, from screening progeny of an approximately 2,500 EMS mutagenized M 1 plants, only 10 mutants were recovered, seven of which represent alleles of the four HOT genes studied in detail here. Based on all of the above observations, we conclude that the hot mutations disrupt specific processes required for the acquisition of thermotolerance in plants.
The stage-specific effects on seed, 2.5-, and 10-d-old seedling thermotolerance in the hot mutants are quite striking. Although all the mutants are defective in acquired thermotolerance of hypocotyl elongation, only hot1 is defective in all three growth assays. These data, along with the hot1 defect in thermotolerance of chlorophyll accumulation and Luc recovery, emphasize that many processes are dependent on the function of this single chaperone protein. The ability of the hot4 mutants to acquire thermotolerance after 10 d, but not 2.5 d of growth, might be explained by activation of redundant stress recovery pathways during seedling growth.
As shown previously, the hot1 mutations demonstrate that production of a specific Hsp, Hsp101, is required for thermotolerance Vierling, 2000, 2001) . Based on analogy with yeast and bacterial systems, the role of Hsp101 is likely to involve renaturation of damaged cellular proteins (Parsell et al., 1994; Glover and Lindquist, 1998; Mogk et al., 1999; Motohashi et al., 1999; Zolkiewski, 1999) . The failure of hot1-1 plants to reactivate Luc after heat stress could be a direct measure of inability of these plants to reactivate damaged proteins. Despite the measured changes in Luc activity, the Luc protein level does not change significantly over the time course of the stress and recovery (S.-W. Hong, unpublished data), consistent with the interpretation that protein reactivation is responsible for recovery of Luc activity. However, direct measurement of rates of Luc degradation and synthesis are required to rule out the model that recovery involves Hsp101 effects on reactivation of Luc transcription and translation. The ability of the hot1-1 mutant to acquire almost wild-type levels of membrane protection in the electrolyte leakage assay also suggests that membrane factors required for thermotolerance are not major targets of Hsp101 activity.
The hot2 and hot4 mutations unambiguously demonstrate that functions independent of Hsp101, Hsp70, and sHsps are required for thermotolerance. These mutants produce normal levels of Hsp101 and sHsps despite their failure to develop thermotolerance. Map positions of the hot2 and hot4 mutations also fall outside intervals containing Hsp70 or other sHsp genes. It remains highly possible that induction of Hsp70 and sHsps are both critical to thermotolerance, as implicated in other studies (Waters et al., 1996; Malik et al., 1999) . However, Hsp70 and sHsp genes are found in small gene families in Arabidopsis; therefore, it is not surprising that our screen did not uncover sHsp or Hsp70 mutants.
The phenotype of the hot2-1 mutant provides evidence that modulation of membrane properties is an essential aspect of acquired thermotolerance. The hot2-1 mutant shows reproducibly higher levels of electrolyte leakage compared with wild-type plants under control conditions, and increased electrolyte leakage at 45°C is not protected by a pretreatment at 38°C as it is in wild type and the other hot mutants. Lin et al. (1985) reported that heat shock-induced electrolyte leakage could be protected by prior heat treatment of soybean (Glycine max) seedlings and suggested protection was effected by Hsps. As discussed above, HOT2 does not encode a major Hsp and expresses normal levels of those Hsps that we have tested. Although we cannot strictly eliminate the possibility that HOT2 indirectly alters regulation of specific Hsps that were not measured in our study, we suggest that the membrane protection loss in hot2 is due to a defect distinct from Hsp expression. It is also interesting to note that Luc activity recovers normally in hot2-1, despite severe damage to the plants. Therefore, reactivation of proteins or protein synthesis is also not sufficient for thermotolerance. There are no obvious candidate genes for membrane functions in the region to which HOT2 maps, and it cannot necessarily be concluded that the ion leakage defect is the primary cause of lost thermotolerance. However, we have noted recently that HOT2 maps to the same region as the chitinase-like protein AtCTL1 (Zhong et al., 2002) and that the hot2 mutants and a mutant of AtCTL1 have similar phenotypes in the absence of stress, including semidwarfism and increased flowering stalks. Because the mutation of AtCTL1 also has effects on cell wall and cell structure, it may indirectly perturb membrane functions required for thermotolerance. We are currently testing whether HOT2 and AtCTL1 are allelic as we continue efforts to clone HOT2 using map-based approaches.
The hot3-1 mutation clearly affects accumulation of Hsp101 and sHsps, with the defect increasing at higher temperatures. The reduced level of Hsp101 Figure 6 . Acquired thermotolerance of membrane permeability in the hot mutants. Ten-dayold seedlings grown on minimal medium under normal conditions were heat treated as indicated and then incubated in deionized water for 1 d. Conductivity was measured for at least 10 seedlings and plotted as a percentage of the total conductivity measured after seedlings were autoclaved. The data are from a representative experiment. Results were confirmed in multiple experiments.
could account for the slow recovery of Luc activity in 2.5-and 10-d-old seedlings of this mutant. However, it seems unlikely that decreased synthesis of Hsp101 is solely responsible for the thermotolerance defect of hot3. In 2.5-d-old seedlings, at least 50% wild-type levels of Hsp101 are produced, which appear sufficient for thermotolerance as demonstrated in Hsp101 antisense experiments (Queitsch et al., 2000) . Furthermore, a similar reduction in Hsp101 accumulation occurred in 10-d-old plants pretreated at 38°C, and these plants showed normal acquisition of thermotolerance. Only when pretreatment was increased to 40°C was acquired thermotolerance lost in hot3-1, in parallel with reduced expression of additional Hsps. Rather then interpreting the failure of Luc recovery as arising from decreased Hsps, it is also possible that reduced Hsps and reduced Luc recovery are caused by the same defect, such as a failure of some aspect of transcription or translation in hot3-1. Both transcriptional and translational activities have been shown to acquire thermotolerance.
At this time, it is difficult to interpret further the phenotype of hot4. This mutant showed normal Hsp synthesis, Luc recovery, and adaptation of electrolyte leakage. It also acquired full thermotolerance as 10-d-old seedlings and showed no difference in basal thermotolerance of seeds. Thus, the only thermotolerance phenotype yet identified in hot4 is restricted to acquired thermotolerance of hypocotyl elongation. In fact, despite the obvious sensitivity of 2.5-d-old seedlings, we reproducibly observe 10-d-old hot4-1 seedlings perform much better than wild type after heat stress. Further assays are required to determine what defects underlie growth arrest at the hypocotyl stage after heat treatment of hot4.
Cloning the different HOT genes will provide new insight into mechanisms essential for acquired thermotolerance. Equally of interest is to use the hot mutants to investigate if any of the same genes are involved in tolerance to chronic heat stress or to other forms of abiotic stress. The screen in which the hot mutants were identified is unlikely to identify many more genes. Additional genes are no doubt required for thermotolerance but are either redundant, or stage specific in function, or would result in lethality in a thermotolerance screen. Using the hot mutations to isolate enhancer and suppressor mutations will provide a further genetic approach to dissecting thermotolerance.
MATERIALS AND METHODS
Plant Growth Conditions
Arabidopsis ecotypes Columbia and No were used where indicated. Plants were grown in lighted growth chambers (approximately 100 mol m Ϫ2 s Ϫ1 ) on a 22°C/18°C, 16-h day/night cycle. All seeds used for testing thermotolerance and Hsp levels during seed development were derived from plants grown under these controlled conditions.
Genetic Analysis and Gene Mapping
Genetic complementation tests and analysis of dominance were performed as described previously, using the hypocotyl assay of thermotolerance (Hong and Vierling, 2000) .
For genetic mapping, the hot2, hot3, and hot 4 mutants were outcrossed with wild-type plants of the Landsberg erecta ecotype. The resulting F 1 plants were allowed to self, and homozygous hot mutants in the segregating F 2 population were selected on the basis of their phenotype in the hypocotyl thermotolerance assay. Genomic DNA was extracted according to Klimyuk et al. (1993) . Both initial mapping to individual chromosomes and further fine mapping was carried out by scoring cosegregation with simple sequence length polymorphism markers. Markers used for mapping are indicated in Figure 1 and in the text. In addition to publicly available markers (http://www.Arabidopsis.org), three new markers were developed. For mapping hot2, marker nF20D22 (7 cM on chromosome I) was detected with the following primers: CCCAAGTGACGTCTGGTTTC and AACAAAAT-GAGTTTCTCTGCAT. For mapping hot3, two new markers were developed in the region of AtATPase on chromosome I: nF28K19 detected with primers GTGACACTAACAACCAAAACC and CGAAAGGAAGAGACAAGCGTC, and nF22K20 detected with primers TTTTTGGTGAGATTTTAAGCCC and ATATCTCCATCGCTGCAACC. The exact position of the latter marker relative to hot3 is not known because no recombinants were obtained with this marker; therefore, it was not placed on the map in Figure 2 .
Thermotolerance Assays
Thermotolerance assays of seeds, 2.5-d dark-grown and 10-d-old lightgrown seedlings were performed basically according to Hong and Vierling (2000) . Seeds were surface sterilized, plated on nutrient medium (Haughn and Somerville, 1986) containing 0.5% (w/v) Suc, and kept at 4°C for a minimum of 3 d. For the seed thermotolerance test, seeds were heat treated immediately after removal from the cold and then allowed to grow an additional 3 d before measurement. For hypocotyl elongation, seedlings were grown for 2.5 d in the dark and then heat stressed and measured after an additional 2.5 d in the dark. Only growth after the heat treatment was measured and compared with seedlings receiving no heat treatment. The assays with 10-d-old seedlings were photographed 5 d after the heat stress.
SDS-PAGE and Western Analysis
Total protein from seed or seedlings was extracted in SDS sample buffer (60 mm Tris-HCl [pH 8.0], 60 mm dithiothreitol, 2.0% [w/v] SDS, 15% [w/v] Suc, 5 mm ⑀-amino-N-caproic acid, and 1.0 mm benzamidine) in a groundglass homogenizer. Protein concentration was determined using a Coomassie Blue dye-binding assay (Ghosh et al., 1988) with bovine serum albumin as a standard. All protein samples were also examined by SDS-PAGE and Coomassie Blue staining, and protein amounts were found to be consistent with the protein assay.
Standard methods were used for SDS-PAGE separation of protein samples on 7.5% or 15% (w/v) polyacrylamide gels. For western analysis, proteins were blotted to nitrocellulose and processed for detection using chemiluminescence (Amersham, Piscataway, NJ) as described previously (Wehmeyer et al., 1996) . Anti-Hsp101 antiserum was used at a dilution of 1:1,000 (v/v). Antiserum against class I sHsps (Wehmeyer et al., 1996) was used at a dilution of 1:1,000 (v/v). Antiserum against class II sHsps was produced against Arabidopsis Hsp17.6II (X63443) (N. Buan and E. Vierling, unpublished data) and used at a dilution of 1:1,000.
Ion Leakage Test
To measure ion leakage caused by high temperature, 10-d-old lightgrown seedlings were removed from the plates after different treatments, rinsed briefly with deionized water, and immediately placed in a tube with 5 mL of deionized water. The tubes were placed at 22°C overnight before conductivity was measured using an Electroconductivity Meter (model 1054, VWR Scientific, Phoenix). Results represent the average from measurements of ten seedlings for each condition.
Luc Activity
Seven-day-old light-grown seedlings were used to measure the recovery of Luc activity after heat shock. Seedlings were pretreated at 38°C, allowed to recover for 2 h at 22°C, and then heat shocked at 45°C for 2 h. For luminescence imaging, plants were sprayed uniformly with 1.0 mm luciferin in 0.01% (v/v) Triton X-100 at different times and kept in the dark for 10 min before imaging. All images were obtained with 5 min of exposure time on a CCD camera system (Roper Scientific, Princeton). The luminescence intensity of each seedling was quantified with WinView software system (Roper Scientific).
Luc activity in plant extracts was determined in parallel to the in vivo luminescence measurements. Samples were prepared from control seedlings, seedlings pretreated for 90 min at 38°C, and seedlings after 1, 6, or 24 h of recovery from 45°C heat stress. Seedlings were homogenized with 50 L of extraction buffer containing 100 mm K 2 HPO 4 /KH 2 PO 4 (pH 7.8), 1.0 mm dithiothreitol, 1.0 mm benzamidine, and 5 mm ⑀-amino n-caproic acid. Luc activity was determined by adding 3 L of extract to luciferin substrate mixture (20 mm Tricine, 2.7 mm MgSO 4 .7H 2 O, 1.1 mm (MgCO 3 )4Mg(OH) 2.5H 2 O, 0.1 mm EDTA, 33 mm dithiothreitol, 0.5 mm ATP, 200 g mL Ϫ1 coenzyme A, and 150 g mL Ϫ1 luciferin) and measuring light emission with a luminometer. Protein concentration of the extracts was determined, and specific activity was plotted.
